Accumulation of ␣-synuclein (␣-syn) in the brain is a core feature of Parkinson disease (PD) and leads to microglial activation, production of inflammatory cytokines and chemokines, T-cell infiltration, and neurodegeneration. Here, we have used both an in vivo mouse model induced by viral overexpression of ␣-syn as well as in vitro systems to study the role of the MHCII complex in ␣-syn-induced neuroinflammation and neurodegeneration. We find that in vivo, expression of full-length human ␣-syn causes striking induction of MHCII expression by microglia, while knock-out of MHCII prevents ␣-syn-induced microglial activation, antigen presentation, IgG deposition, and the degeneration of dopaminergic neurons. In vitro, treatment of microglia with aggregated ␣-syn leads to activation of antigen processing and presentation of antigen sufficient to drive CD4 T-cell proliferation and to trigger cytokine release. These results indicate a central role for microglial MHCII in the activation of both the innate and adaptive immune responses to ␣-syn in PD and suggest that the MHCII signaling complex may be a target of neuroprotective therapies for the disease.
Introduction
Parkinson disease (PD) is the most common neurodegenerative movement disorder and is characterized by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) along with the accumulation of aggregated forms of the protein ␣-synuclein (␣-syn) in nigral neurons as well as in other regions of the brain. Genetic mutations or duplications, which cause increased expression or disruption of the native structure of ␣-syn, lead to familial forms of PD (Polymeropoulos et al., 1997; Ross et al., 2008) , while genome-wide association studies (GWAS) show strong associations between the ␣-syn gene and sporadic PD (Maraganore et al., 2006) . Collectively, these data point to a central role for ␣-syn in the etiology of PD, but the mechanisms by which ␣-syn induces neurodegeneration remain uncertain.
There is mounting evidence for a central role of the immune system in the pathophysiology of PD, with activation of both innate and adaptive immunity (Hirsch and Hunot, 2009; Appel, 2012) . In human postmortem tissues and in animal models of PD, ␣-syn pathology is accompanied by inflammation and immune responses including reactive microgliosis (Gerhard et al., 2006) , increased pro-inflammatory cytokine expression (Mogi et al., 1994a,b) , infiltration of CD4 lymphocytes (Brochard et al., 2009) , and IgG deposition surrounding degenerating neurons (Orr et al., 2005) . Recent epidemiological studies have revealed an association between the long-term use of nonsteroidal antiinflammatory medications and reduced risk of PD (Gao et al., 2011) .
Expression of the MHCII complex is restricted to antigenpresenting cells and is a crucial regulator of the cellular immune response, responsible for the presentation of peptide antigens to CD4 T-cells. HLA-DR, a component of MHCII, is highly expressed on all antigen-presenting cells, and is particularly prominent on the reactive microglia found in postmortem PD brain tissue (McGeer et al., 1988) . Genetic studies have linked polymorphisms in the HLA-DR locus with sporadic late-onset PD (Hamza et al., 2010) . Antigen presentation is a critical step in the induction of adaptive immune responses, and there is mounting evidence for activation of T-cell-mediated processes both within the brain ( al., 2010) . Here, we have used both an in vivo mouse model induced by viral overexpression of ␣-syn as well as in vitro systems to study the role of the MHCII complex in ␣-syn-induced neuroinflammation and neurodegeneration. We find that overexpression of full-length human ␣-syn causes striking induction of MHCII expression by microglia, activation of antigen processing, and presentation of antigen leading to CD4 T-cell proliferation and subsequent cytokine release. Knock-out (KO) of MHCII prevents ␣-syn-induced microglial activation, IgG deposition, and the degeneration of dopaminergic neurons. These results indicate a central role for microglial MHCII in the activation of both the innate and adaptive immune responses to ␣-syn in PD, and suggest that the MHCII signaling complex may be a target of neuroprotective therapies for the disease.
Materials and Methods
Animals and treatment. C57BL/6 (catalog #000664) and MHCII KO mice (B6.129S-H2 dlAb1ϪEa , , catalog #003584) (Madsen et al., 1999) maintained on a congenic background were used for these studies and were obtained from The Jackson Laboratory. The MHCII (KO) mice lack all four murine MHCII genes and exhibit immune system deficits, mainly a lack of CD4 T-lymphocytes in the thymus and spleen (Madsen et al., 1999) . Construction and purification of the rAAV vectors, rAAV-CBA-IRES-EGFP-WPRE (CIGW) and rAAV-CBA-SYNUCLEIN-IRES-EGFP-WPRE (CSIGW), are described in previous publications (St Martin et al., 2007; Theodore et al., 2008; . Male C57BL/6 and MHCII KO mice (8 -12 weeks of age) were deeply anesthetized with isoflurane and unilaterally injected with 2 l of AAV2-SYN or AAV2-GFP (4.0 ϫ 10 12 viral genome/ml diluted in sterile PBS) into the right SNpc. Coordinates were anterior-posterior Ϫ3.2 mm from bregma, mediolateral ϩ1.2 mm from midline, and dorsoventral Ϫ4.6 mm from dura. All research conducted on animals was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.
Immunohistochemistry. At 4 weeks, 3 months, and 6 months posttransduction, animals were deeply anesthetized and transcardially perfused with heparinized 0.01 M PBS, pH 7.4, followed by 4% paraformaldehyde (PFA) in 0.01 M PBS. Brains were postfixed for 24 h in 4% PFA and then cryoprotected in a 30% sucrose solution in PBS. Brains were frozen on dry ice and cryosectioned coronally on a sliding microtome (cut thickness: 40 m); sections were collected serially throughout the striatum and SNpc, placed into tissue collection solution (50% 0.01 M PBS, 50% glycerol), and stored at Ϫ20 for immunohistochemical analysis.
For fluorescent analysis, free-floating sections were labeled with anti-MHCII (M5/114.15.2; eBioscience, 1:100), anti-CD11b (Serotec, 1:500), anti-GFP (Rockland, 1:1000), or anti-tyrosine hydroxylase (TH) (Millipore, 1:2000) antibodies overnight at 4°C. Appropriate Alexa-conjugated secondary antibodies diluted 1:1000 (Invitrogen) were used at room temperature for 2.5 h. For IgG staining, Cy3-conjugated goat anti-mouse IgG was used (Jackson ImmunoResearch, 1:500). Sections were mounted onto plus-coated glass slides, and coverslips were added using Vectashield Hard Set mounting medium.
For TH neuron quantification using unbiased stereological analysis, free-floating sections were stained as previously described , coded, and analyzed with an Olympus BX51 microscope and MicroBrightfield software (MicroBrightfield). A total of five sections covering the rostrocaudal extent of the SNpc, both ipsilateral and contralateral to the injection site, were quantified using the optical fractionator method and StereoInvestigator software. TH-positive neurons were counted and weighted section thickness was used to correct for variations in tissue thickness at varying sites.
Imaging and quantification. Confocal images were captured using a Leica TCS-SP5 laser-scanning confocal microscope. Images were processed using the Leica LASAF software and exported and processed using Adobe Photoshop. For quantification of MHCII and CD11b staining, slides were observed using a Nikon Eclipse E800 M fluorescent microscope. Coded slides were scored by using a numerical scale 0 (no staining) to 4 (most intense) by a single observer blind to the treatment paradigm. Staining within the vicinity of viral transduction (GFP) was considered for scoring while staining immediately surrounding the needle tract was ignored. Scores obtained from 6 to 8 mice per group were plotted and statistically analyzed using the Kruskal-Wallis and Dunn's multiplecomparisons test. For antigen processing and presentation, immunofluorescence from four representative confocal images was quantified using ImageJ software. The corrected total cell fluorescence was quantified by the following: Integrated density (area of selected cell ϫ mean fluorescence of background readings).
Midbrain fractionation protocol. Ventral midbrains were homogenized on ice in 200 l of lysis buffer containing 50 mM Tris/HCl, pH 7.4, 175 mM NaCl, 5 mM EDTA and protease and phosphatase inhibitors (SigmaAldrich). Triton X-100 (Sigma-Aldrich) was next added to homogenates at a final concentration of 1%. Following 30 min incubation on ice, 50 l aliquots were saved from each sample and designated as "whole" fractions. Remaining homogenate from each sample was spun at 15,000 ϫ g for 1 h; supernatants from each sample were transferred to a fresh tube and designated as "detergent (Triton X-100)-soluble" fractions. Pellets were resuspended in lysis buffer containing 2% SDS and following sonication on ice were designated as "detergent (Triton X-100)-insoluble" fractions. Protein concentrations were determined by the BCA protein assay.
Western blot analysis of brain homogenates. Twenty micrograms of each sample were run on 12% gels using SDS-PAGE and transferred to PVDF membranes. Following the blocking of membranes for 30 min at room temperature in wash buffer (1ϫ TBS-T containing 5% milk) to minimize nonspecific binding, primary antibody against human selective ASYN (clone 211; S5566) was added at a 1:500 dilution and incubated overnight at 4°C. Following three 5 min room temperature washes with wash buffer, secondary antibody (horseradish peroxidase-conjugated anti-mouse IgG; Sigma-Aldrich) was added at a 1:500 dilution in wash buffer containing 5% milk and incubated for 1 h at room temperature. Following four 5 min room temperature washes, signal on membranes was detected using enhanced chemiluminescence (ThermoFisher Scientific). Blots were then stripped using stripping buffer (ThermoFisher Scientific) and reprobed for the actin loading control (Sigma-Aldrich).
Primary cultures, ␣-syn treatment, and flow cytometry. Primary murine microglia were isolated from postnatal day 0 -2 pups according to previously published protocols (Harms et al., 2012) with the following modifications. Briefly, brains were isolated, meninges removed and dissociated for 10 min at 37°C with agitation every few minutes. Mixed glial populations were plated in T75 flasks in DMEM/F12 supplemented with 20% heat inactivated fetal bovine serum (FBS; Sigma-Aldrich), 1% penicillin/streptomycin, 1% L-glutamine (Sigma-Aldrich), and 10 ng/ml granulocyte monocyte colony stimulating factor (GM-CSF; PeproTech) for 14 d. Microglia were isolated from the astrocyte bed by mechanical shaking 195 rpm for 1 h at 37°C. Before assays, microglia were plated and allowed to adhere overnight in serum-free media at 37°C. Purified recombinant human ␣-syn (r-Peptide) was resuspended and incubated at 37°C with constant agitation for 7 d as previously described (Cao et al., 2012) . Before use, aggregated ␣-syn was sonicated and added to the primary microglia at 500 nM at various time points.
For primary microglia and T-cell cocultures, primary microglia were isolated by mechanical shaking and plated in serum-free RPMI with 1% penicillin/streptomycin, 1% sodium pyruvate, 1% nonessential amino acids, 1% L-glutamine, and 0.1% ␤-mercaptoethanol and allowed to adhere overnight. Primary microglia were treated for 6 h with 500 nM ␣-syn in the presence or absence of OVA 323-339 peptide (1 g/ml, 10 g/ml). Primary CD4 T-cells were isolated from OTII-11.1 TCR transgenic mice (Barnden et al., 1998) on a B6 congenic background with the following modifications. Briefly, male mice were deeply anesthetized and their spleens were removed, dissociated through a 70 M cell strainer, and red blood cells were hypotonically lysed. CD4 T-cells were positively selected using the FlowComp CD4 isolation kit according to manufacturer's protocols (Life Technologies, Invitrogen). Isolated CD4 T-cells were cocultured with primary microglia for 60 h in RPMI supplemented with 10% heat inactive FBS, 1% penicillin/streptomycin, 1% sodium pyruvate, 1% nonessential amino acids, 1% L-glutamine, 0.1% ␤-mercaptoethanol, and OVA 323-339 peptide during the 60 h coculture. Immediately following coculture, conditioned medium was removed and frozen at Ϫ80°C for multiplex ELISA analysis. Remaining cells were pulsed with 13 M EdU for 1 h at 37°C. Cocultured cells were then processed for flow cytometry by washing twice with fluorescence-activated cell sorting buffer (0.01 M PBS, pH 7.4, with 1% bovine serum albumin and 2 mM EDTA), Fc␥ receptors were blocked with 2.4G2 (1:500), and cells were surface stained with anti-CD4-APC-eFluor 780 (eBioscience, 1:400) and anti-CD5-Alexa 488 (1:1600) for 15 min in the dark. A Fixable Viability Dye eFluor 450 (eBioscience, 1:1000) was used per manufacturer's instruction. Cells were then stained with Click-iT EdU Alexa Fluor 647 Imaging Kit (Life Technologies, Invitrogen) according to manufacturer's protocols with the following modifications: reactions were scaled to 200 l and Alexa Fluor 647 azide was used at 1:400. Cells were immediately analyzed on the LSR-II flow cytometer (BD Biosciences) and analyzed using FlowJo software.
For antigen processing, primary microglia cells were isolated and plated into serum-free DMEM/F12 with 1% penicillin/streptomycin and 1% L-glutamine and allowed to adhere overnight. Following a complete media change, microglial cells were pulsed with 500 nM ␣-syn for either 4 h or overnight. Cells were then pulsed with 5 l of DQ-Ovalbumin (Invitrogen, Life Technologies) for 1 h. Cells were then fixed and imaged on a Leica TCS-SP5 laser-scanning confocal microscope. Images were processed using the Leica LASAF software and quantified using ImageJ.
Multiplex ELISA. Conditioned media were collected from the primary microglia T-cell cocultures treated with aggregated human ␣-syn immediately before EdU pulse and from primary microglia cultures alone 66 h after ␣-syn treatment for each of three independent experiments, and analyzed for mouse cytokine and chemokine production on an assay panel with 25 analytes (G-CSF, GM-CSF, IFN␥, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IL-1␣, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IP-10, KC, MCP-1, MIP-1␣, MIP-1␤, MIP-2, RANTES, TNF) per manufacturer's instructions (Millipore).
Results

␣-Syn overexpression increases MHCII expression in vivo
We have previously shown that overexpression of human fulllength ␣-syn via adeno-associated virus (AAV) in the SNpc of mice results in reactive microgliosis, elevated pro-inflammatory cytokine expression, infiltration of T-lymphocytes, and ipsilateral IgG deposition as early as 2 weeks post-transduction (Theodore et al., 2008) , demonstrating activation of both innate and adaptive immunity and replicating many of the features of inflammation observed in human PD. MHCII proteins are a critical link between innate and adaptive responses; they are expressed on activated microglia, and are responsible for the presentation of foreign proteins to CD4 T-lymphocytes. To examine the effects of ␣-syn overexpression on MHCII expression in vivo, 8-week-old male C57BL/6 mice received a unilateral stereotactic injection of recombinant AAV encoding human full-length ␣-syn (AAV2-SYN) or AAV2-GFP control virus (4 ϫ 10 12 viral genome/ml) into the right SNpc. Four weeks and 12 weeks post-transduction, there was strong expression of ␣-syn and GFP proteins in nigral neurons ( Fig. 1 A, C) . This ␣-syn expression was accompanied by a striking increase in staining for MHCII in cells with the morphological characteristics of activated microglia (Fig. 1A-C) . Al- Confocal images were captured using a Leica TCS-SP5 laser-scanning confocal microscope. Images were processed using the Leica LASAF software, exported, and processed using Adobe Photoshop. For quantification of MHCII slides were observed using a Nikon Eclipse E800M fluorescent microscope. Coded slides were scored by using a numerical scale 0 (no staining) to 4 (most intense) by a single observer blind to the treatment paradigm. Data represent the median (n ϭ 6/group) **p Ͻ 0.0043, Mann-Whitney test.
though the expression of ␣-syn in neurons was intense, MHCII staining was not observed in virally transduced neurons. The enhancement of MHCII staining was persistent; a similar increase in microglial MHCII expression was also observed at 3 months post-transduction (Fig. 1C) .
MHCII is critical for ␣-syn-induced microglial activation and IgG deposition in vivo
We have previously shown that deletion of the gamma chain of Fc receptors, which are found on microglia and form high-affinity binding sites for immunoglobulins, attenuates inflammation and neurodegeneration induced by ␣-syn overexpression (Cao et al., , 2012 . MHCII proteins are responsible for presenting foreign proteins to CD4 T-lymphocytes, and subsequently provide help to B-cells required for triggering Ig production. We hypothesized that an upstream step in ␣-syn-induced inflammation might be MHCII-mediated antigen presentation to CD4 T-cells. To examine this question, male C57BL/6 and age-matched MHCII KO males on a congenic background were stereotactically injected with AAV2-SYN or AAV2-GFP. Four weeks posttransduction, a marked and statistically significant increase in CD11b-positive reactive microglia in the SNpc in WT AAV2-SYN-injected animals was noted, but in the MHCII KO animals this response was greatly attenuated ( Fig. 2A-C) and persisted for at least 12 weeks (Fig. 2D ). In the same animals, we also observed striking IgG deposition in WT AAV2-SYN animals in the ipsilateral hemisphere but a complete lack of IgG deposition in the AAV2-SYN MHCII KO animals at both 4 weeks (Fig. 3A) and 12 weeks (Fig. 3B) . 
MHCII is critical for ␣-syn-induced neurodegeneration
We and others have previously observed that viral-mediated ␣-syn overexpression in the SNpc results in progressive neurodegeneration of dopaminergic neurons with a 25-30% loss of THimmunopositive cells at 6 months post-transduction in mice (St Martin et al., 2007; Theodore et al., 2008; . To determine whether deletion of MHCII proteins modifies the neurodegenerative process, 8-week-old male C57BL/6 wild-type (WT) and MHCII KO mice on a congenic background received unilateral stereotactic injections of AAV2-SYN or AAV2-GFP control virus (4 ϫ 10 12 viral genome/ml) into the right SNpc. Six months post-transduction, nigral cell number was evaluated by immunohistochemistry for TH and cell counting using an unbiased optical dissector method. We found that genetic KO of MHCII completely prevents ␣-syn-induced dopaminergic cell loss in this model system (Fig. 4 A, B) .
␣-Syn overexpression results in accumulation of high molecular weight ␣-syn species
Recent studies have suggested that the secondary structure of ␣-syn may be important for the observed toxicity in animal models (Lashuel et al., 2013) . To determine the predominant ␣-syn species present in our in vivo model, Western blot analysis of ␣-syn was performed on ventral midbrain homogenates from AAV2-SYN transduced mice. We used solubility in 1% Triton X-100 to separate soluble from insoluble forms. Four weeks posttransduction, we found viral transduction led to enhancement of high molecular weight forms of ␣-syn, along with appearance of ␣-syn monomers that were not detectable in the untreated SNpc homogenate (Fig. 5) . Most striking, however, was the appearance of Triton-insoluble high molecular weight aggregates in the virally transduced SNpc; these were not observed in untreated mouse SNpc, and are similar to the Triton-insoluble high molecular weight forms that we and others have described in human synucleinopathies (Cantuti-Castelvetri et al., 2005) .
␣-Syn increases antigen processing and presentation
Within the cell, MHCII proteins traffic to endosomal or lysosomal compartments where they are stripped of the MHCII invariant chain, loaded with antigen that has been processed by lysosomal enzymes and shipped to the plasma membrane for presentation. Once on the plasma membrane, MHCII can present antigen to CD4 T-lymphocytes via the T-cell receptor (TCR), subsequently activating the adaptive immune response (Dani et al., 2004) . We have previously shown that ␣-syn is taken up into autophagosomal compartments in microglia (Cao et al., 2012) . To examine the effects of ␣-syn on antigen processing and presentation, primary WT microglia were isolated from postnatal pups and pretreated with 500 nM ␣-syn for 4 h and overnight before addition of DQ-Ovalbumin. DQ-Ovalbumin is a selfquenched conjugate of ovalbumin that exhibits fluorescence upon proteolytic degradation in the lysosome, allowing visualization of antigen processing and presentation. We observed that 4 h after ␣-syn treatment of microglia there was a marked induction of antigen processing and presentation (Fig. 6 B, D) . This effect was time limited, and 24 h after the addition of ␣-syn the rate of Western blot analysis of ␣-syn of midbrain homogenates obtained from mice 4 weeks post-transduction into the right substantia nigra, using an antibody that is selective for human ␣-syn. There is an increase in high molecular weight ␣-syn species (Ն50 kDa) is both the "whole" and Triton-soluble ("T-X-Sol") fractions in homogenate fractions derived from right (R), infected ventral midbrain samples compared with that of noninfected left (L) control samples. There is also appearance of detectable soluble ␣-syn monomers (17 kDa). Insoluble high molecular weight forms of ␣-syn ("T-X-100-Insol" fraction) were observed only after AAV2-SYN treatment. Actin (42 kDa) was used to normalize for gel loading.
antigen processing was reduced below baseline (Fig. 6C,D) . These data indicate a potent ability of aggregated ␣-syn to stimulate the lysosomal processing required for microglial antigen processing and presentation. To determine whether the effect is specific to aggregated ␣-syn, we tested monomeric ␣-syn on primary microglia and found no significant induction of MHCII or antigen processing (Fig. 6E) suggesting the effect is specific to aggregated ␣-syn.
␣-Syn increases CD4 T-cell proliferation and promotes expression of cytokines and chemokines
The MHCII complex presents antigen exclusively to CD4 T-lymphocytes, and this interaction is likely to be critical for PD-associated inflammation. To determine whether the ␣-synmediated increase in microglial antigen processing and MHCII expression can drive downstream proliferation of CD4 T-cells, primary WT microglia were isolated and pretreated with 500 nM recombinant full-length aggregated ␣-syn for 6 h before coculture with primary CD4 OTII-transgenic TCR (OTII-TCR) T-cells. OTII-TCR T-cells express the ova peptide-specific transgenic TCR and are capable of an MHCII-dependent proliferative response (Barnden et al., 1998) . Sixty hours after coculture with primary microglial cells, we found that ␣-syn pretreatment led to marked stimulation of T-cell proliferation in the presence of OVA 323-339 peptide (Fig. 7A-C) indicating that the enhanced expression of MHCII induced by ␣-syn in these cells can mediate MHCII-dependent antigen presentation that is sufficient to drive a subsequent TCR-and antigen-specific CD4 T-cell proliferative response.
We also examined the role of MHCII in mediating interactions between microglia and T-cells. We have previously found that ␣-syn can interact directly with microglia and can be internalized and trafficked to autophagosomes, but uptake of ␣-syn alone is not sufficient to activate microglia or to initiate a pro-inflammatory response (Cao et al., 2012) . Other studies using nitrated ␣-syn have shown that CD4 T-cells are capable of activating the pro-inflammatory transcription factor NF-B, thereby triggering pro-inflammatory gene expression in microglia (Reynolds et al., 2008 (Reynolds et al., , 2009 ). We analyzed the conditioned media from primary microglia alone and microglia cocultured with CD4 OTII T-cells and ova-peptide by multiplex ELISA. Conditioned media from microglia or CD4 OTII T-cells alone revealed that ␣-syn did not induce any significant inflammatory response as measured by the 25 cytokines and chemokines present on the array (Cao et al., 2012) (data not shown). In contrast, treatment of microglia followed by addition of CD4 OTII T-cells led to a robust inflammatory response, with statistically significant enhancement in the production of IL-1␣, IFN␥, IL-1␤, TNF, and IL-10 ( Fig. 7D-I ). Significant TNF induction was even seen with ova peptide as low as 1 g/ml (Fig. 7G ). These observations demonstrate the critical role for interactions between microglia and CD4 T-cells in establishing the inflammatory response to ␣-syn.
Discussion
In these studies we have identified a key upstream mediator of ␣-syn-induced inflammation and neurodegeneration, the MH-CII complex. We have observed that overexpression of ␣-syn causes induction of MHCII expression on microglia, while genetic KO of MHCII prevents ␣-syn-induced microglial activation, IgG deposition, and neurodegeneration in vivo. In vitro, overabundance of ␣-syn enhances processing, presentation of antigen, and CD4 T-cell proliferation. Interaction of microglia and CD4 T-cells leads to a potent cytokine and response to aggregated ␣-syn. These results indicate a central role for microglial MHCII in the activation of both the innate (microglial) and adaptive immune responses to ␣-syn in our PD model.
In human PD, there is substantial evidence that inflammation and immune system activation are key mediators in the PD neurodegenerative process (Whitton, 2007; Hirsch and Hunot, 2009; Tansey and Goldberg, 2010) . In human disease, ␣-syn pathology is accompanied by reactive microgliosis (McGeer et al., 1988 infiltration of CD4 T lymphocytes (Brochard et al., 2009) , and IgG deposition surrounding degenerating neurons (Orr et al., 2005) . Epidemiological studies have demonstrated a consistent association between use of the anti-inflammatory drug ibuprofen and reduced risk of PD (Gao et al., 2011) . HLA-DR, a component of MHCII, is highly expressed on all antigen-presenting cells, and is particularly prominent on the reactive microglia found in postmortem PD brain tissue (McGeer et al., 1988) . A GWAS study found that genetic polymorphisms in the HLA-DR locus are associated with late-onset PD, implicating its importance in disease pathogenesis (Hamza et al., 2010) . More recently, several studies have provided additional confirmation of the infiltration of CD4 (helper) and CD8 (cytotoxic) T-cell populations in human brain and animal models of PD, and have shown that these are concentrated in areas of degeneration, particularly the SNpc (Brochard et al., 2009) .
Inflammatory responses have been replicated in a variety of different animal models of PD. In the current studies we used the AAV2-SYN model of PD, a model in which inflammation is a key mediator before the neurodegenerative process. We have previously shown that in this model system, overexpression of human full-length ␣-syn results in NF-B activation, localized inflammation, microglial activation, lymphocyte infiltration, IgG deposition, and gradual degeneration of dopaminergic neurons (Theodore et al., 2008; . Other types of model systems also demonstrated the importance of inflammatory mechanisms. In neurotoxin models, such as 6-OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), it has been shown that pro-inflammatory cytokines TNF, IL-1␤, and IFN␥ are key regulators of dopaminergic cell death, and neutralizing or blocking expression attenuates dopaminergic cell loss and reactive microgliosis associated with these models (Mount et al., 2007; Pott Godoy et al., 2008; Harms et al., 2011) . Furthermore, in an MPTP neurotoxin mouse model of PD, CD4 T-cell infiltration into the SNpc is required for the observed dopaminergic neurotoxicity, and this process involves a Fas/FasLdependent mechanism (Brochard et al., 2009) indicating the importance of MHCII antigen presentation in the immunological synapse and the subsequent activation of the adaptive immune response via CD4 T-cell activation. While MHCII Figure 7 . ␣-Syn-induces CD4 T-cell activation and proliferation in vitro. Primary microglia (previously treated with OVA 323-339 and 500 nM ␣-syn for 6 h) and CD4 T-cell cocultures were pulsed with EdU for 1 h before flow cytometry analysis. A, No peptide control. Vehicle represented with solid line and shading, ␣-syn treatment represented with a dotted line. Primary microglia and CD4 T-cell cocultures revealed little or no EdU incorporation events. OVA peptide 1 g/ml (B) and 10 g/ml (C) treatment results in an increase in EdUϩ events 60 h after coculture. Positive events were gated by live/dead, CD4, CD5, and EdU. D-I, ␣-syn pretreatment (500 nM) of primary microglia 6 h before T-cell coculture resulted in a statistically significant increase in pro-inflammatory cytokines and chemokines. All cytokine and chemokine expression levels were normalized to the level of vehicle-treated primary microglia and T-cell coculture. Student's t test (n ϭ 3-4/group, representative of 2 independent experiments). D,10g/ml OVA 323-339 IL-1␣ *p Ͻ 0.0193. E,10g/ml OVA 323-339 IFN␥ **p Ͻ 0.0087. F,10g/ml OVA 323-339 IL-1␤ ***p Ͻ 0.0009. G,1g/ml OVA 323-339 TNF **p Ͻ 0.0022. H, 10 g/ml OVA 323-339 TNF *p Ͻ 0.011. I, 10 g/ml OVA 323-339 IL-10 **p Ͻ 0.0021.
exclusively presents antigen to CD4 T-cells, CD8-positive T-cells are also found in areas of neurodegeneration in human PD and models systems (Brochard et al., 2009; Appel, 2012) . CD8 T-cells are found in the brain in the MPTP model, but at least in this system, CD8 cells do not seem to play a significant role in the neurodegenerative process (Brochard et al., 2009) . MHCII KO mice have been reported to have increased numbers of CD8 T-cells (Madsen et al., 1999) . We have not directly evaluated the role of CD8 T-cells in our ␣-syn degenerative model, but the complete attenuation of IgG deposition and CD11b microgliosis with deletion of MHCII alone suggest CD8 T-cells are likely to have a very limited role at most in this model.
In these studies we have shown that KO of MHCII markedly attenuates the inflammatory response associated with ␣-syn, with decreased CD11bϩ reactive microgliosis (Fig. 2) at 4 weeks and 3 months post-transduction. In addition, we found that genetic KO of MHCII attenuates ipsilateral IgG deposition (Fig. 3) at 4 weeks and 3 months post-transduction indicating that the inflammation observed in our model is not simply delayed by the KO of MHCII proteins. We also found that genetic KO of MHCII is neuroprotective, and completely blocks the observed nigral neuron loss in the AAV2-SYN model at 6 months posttransduction (Fig. 4) , indicating a critical role for MHCII expression in ␣-syn-induced neurodegeneration.
We have also found that one of the early steps in the inflammation associated with overabundance of ␣-syn is likely to involve antigen-presenting cells such as microglia and the MHCII signaling complex. Our data demonstrate that aggregated ␣-syn is a potent stimulus that induces microglia to enhance antigen processing (Fig. 6 ) and express MHCII (Fig. 1) . Studies using an EAE model of multiple sclerosis (MS), a neuro-inflammatory disorder associated with cell loss, have shown that antigen processing of myelin auto-antigens is an essential part of MHCII antigen presentation and subsequent CD4 T-cell activation, and we believe that there may be a similar requirement for processing of ␣-syn (Slavin et al., 2001) . The data presented here clearly implicates MHCII in ␣-syn-mediated immune responses, but the exact nature of the antigen presented by MHCII is at present unknown. It is possible that the antigen in these studies is either a form of ␣-syn itself, or a protein that is induced by overabundance of ␣-syn. Identification of the specific antigen is a difficult task that has been accomplished only in a few specialized settings, such as the extensively studied EAE model, and even here the full spectrum of antigens involved in the inflammatory response remains uncertain (Hohlfeld et al., 2008) . Regardless of the antigen presented, the downstream consequences of ␣-syndriven MHCII-dependent CD4 T proliferation are likely to be several, and include the induction of effector Th1 and or Th17 cells, and interactions with B-cell populations to promote adaptive immunity.
It is important to note that MHCII expression is critical not only for antigen presentation, but also for the maturation and selection of CD4 T-cells in the thymus. Therefore, the MHCII KO animals used here are expected to have a deficiency of CD4 T-cells (Madsen et al., 1999) making it difficult to conclude whether it is the deficiency of MHCII in microglia or the lack of CD4 T-cells that is responsible for the neuroprotective effects of MHCII depletion in vivo. On the other hand, our in vitro studies unequivocally indicate an important role of microglial MHCII in both T-cell proliferation and cytokine and chemokine induction. This communication between microglia and CD4 T-cells may also involve interferon gamma and other signaling pathways (Aloisi et al., 2000) .
The development of neuroprotective or immunomodulatory strategies for PD is a vital unmet need. Most currently available treatments are based on restoration and/or replacement of dopaminergic function that has been depleted by the loss of neurons in the SNpc. It is increasingly clear, however, that PD encompasses far more than simply dopaminergic degeneration and that the non-motor aspects of the disease, which include cognitive and autonomic impairment, are important contributors to the disability. The complexity of the disease process points to the vital need for the development of a strategy that can prevent the onset of PD, slow the progression, or reverse the disease process once it is established. Our data point to a critical role of MHCII signaling early in the neuroinflammatory process associated with overabundance of ␣-syn. The MHCII signaling appears to be essential both for induction of microglial inflammatory responses before observed neurodegeneration, as well as the engagement of systemic adaptive immunity. This signaling may be a key target for the development of potentially neuroprotective immunotherapies.
